Identifying the causes of high fever syndromes such as Kawasaki disease (KD) remains challenging. To investigate pathogen exposure signatures in suspected pathogen-mediated diseases such as KD, we performed immunoglobulin (Ig) profiling using a next-generation sequencing method. After intravenous Ig (IVIG) treatment, we observed disappearance of clonally expanded IgM clonotypes, which were dominantly observed in acute-phase patients. The complementary-determining region 3 (CDR3) sequences of dominant IgM clonotypes in acute-phase patients were commonly observed in other Ig isotypes. In acute-phase KD patients, we identified 32 unique IgM CDR3 clonotypes shared in three or more cases. Furthermore, before the IVIG treatment, the sums of dominant IgM clonotypes in IVIG-resistant KD patients were significantly higher than those of IVIG-sensitive KD patients. Collectively, we demonstrate a novel approach for identifying certain Ig clonotypes for potentially interacting with pathogens involved in KD; this approach could be applied for a wide variety of fever-causing diseases of unknown origin.
Introduction
Fever of unknown origin (FUO) is defined as a syndrome of fever that does not recover spontaneously; its causes are, in general, difficult to identify despite the use of various diagnostic approaches (1) . FUO in clinical practice causes a diagnostic dilemma for pediatricians because it is not easy to distinguish a fever with benign prognosis from that having a life-threatening risk (2) . It is suspected that FUOs are caused or triggered by infections of bacteria, viruses, parasites or fungi (3) . Patients with FUO often need to undergo many laboratory tests, as well as antimicrobial therapies; however, sometimes they experience the delay of receiving an appropriate treatment (4) .
To overcome the difficulties in identifying a causative pathogen(s), we thought that the characterization of the diseaserelated signatures on immune receptor repertoires could be a useful approach in identifying a possible pathogen(s). Our immune system uses receptor proteins, which are expressed on the surface of the B and T lymphocytes, and can recognize the nonself-origin of peptides that are derived from pathogens or cancerspecific somatic mutations. For example, the B-cell receptor (BCR), which consists of the immunoglobulin heavy and light chains, possesses extremely high levels of diversity to recognize a wide variety of non-self-antigens. Functional BCRs are generated by the combination of exons in the BCR genes and nucleotide insertion/deletions during the recombination process as well as somatic hypermutation events (5) . Through these mechanisms, lymphocytes maintain the repertoire with an extremely high number of unique receptors to prepare against a huge range of pathogens present in our environment (6, 7) .
Kawasaki disease (KD), a type of FUO, is a leading cause of acquired heart diseases in children (8) . The cause of this disease is currently unknown; however, clinical and epidemiological features strongly suggest that infectious agents are likely to trigger KD and that genetic predispositions may play a role in its etiology (9, 10) . A possibility of B-cell involvement in KD was indicated by identifying the associations of SNPs clustered in IGHV (encoding the immunoglobulin heavy chain variable regions) with the risk of KD (11) . Moreover, two comprehensive genome-wide association studies in different ethnicities emphasized the pathogenic role of B cells in KD because BLK (encoding B-lymphoid tyrosine kinase), which is selectively expressed in B cells, is the most significantly-associated genetic locus for KD (12, 13) . In this study, we hypothesized that certain unique features of the BCR repertoire could possibly be associated with this fever condition of an unknown origin and performed BCR sequencing of peripheral blood samples of pre-and post-IVIG treatment in 40 KD patients.
Results

Clonal expansion of immunoglobulin M (IgM) in KD
To investigate the possibility that some pathogens in KD patients might have induced IgM responses, we first performed an IgM repertoire analysis using RNAs isolated from the peripheral blood samples of KD patients. We then compared the IgM clonotypes at two time-points of KD patients who responded well to a single IVIG treatment (IVIG-sensitive cases); one at an acute phase (before IVIG treatment) and the other after recovery (2 months after IVIG treatment and no KD clinical symptoms were observed). In the first discovery group (n ¼ 6) of the IVIG-sensitive KD cases (Supplementary Material, Fig. S1 ), we found that the diversity index of the IgM repertoire at the acute phase was significantly lower than that at the recovery phase (Fig. 1A) , indicating expansion of B cells with certain BCR clonotypes at the acute phase.
A subset of KD patients did not achieve the full recovery and retained some KD symptoms by the single IVIG treatment (these patients were defined as IVIG-resistant cases). For such cases, we also performed an IgM repertoire analysis at three time-points, before the treatment as well as after the first and second IVIG treatments. In the IVIG-resistant KD patients (n ¼ 6), the diversity of the IgM repertoire after the first treatment was still much lower than that observed in the IVIG-sensitive cases. However, the diversity of the IgM repertoire after the second treatment increased considerably, a condition similar to that condition after the single treatment of the IVIG-sensitive cases (Fig. 1B and C) .
To further validate this infectious-disease-like IgM repertoire pattern, 24 IVIG-sensitive KD patients were additionally recruited for the replication study. In a combined analysis of 30 patients in the discovery and replication groups, we confirmed that the diversity of the IgM clonotypes in the acute stage was significantly lower than that in the recovery stage (Fig. 1D ). Since individual patients had distinct IgM repertoires, we examined in detail the dynamic changes of activated B cells in these patients by comparing the most dominant IgM CDR3 clonotypes between the acute and recovery phases. The dominant IgM CDR3 clonotypes were defined as the ones with a frequency of 0.1% or higher in the all V-J-C mapped sequence reads. Among the 30 IVIG-sensitive cases, the dominant IgM CDR3 clonotypes observed before the treatment almost completely disappeared after the single IVIG treatment in 28 cases (Supplementary Material, Fig. S2 ).
Characterization of KD-associated CDR3 clonotypes
Upon the activation of B cells, the immunoglobulin heavy chain genes are known to rapidly undergo the process of class-switch recombination (CSR), which alters the antibody expression profile of B cells from IgM to other isotypes such as IgG and IgA (14) . CSR enhances the ability of antibodies to eliminate a pathogen(s) by the humoral immune response (15) . To examine the possibility that B cells with the high abundancy were activated through exposures to some pathogens in the process of developing KD, we also performed sequencing of IgA and IgG, and compared their sequences with IgM sequences. The dominant CDR3 clonotypes of IgM in acute-phase KD patients were also frequently observed in IgG and IgA sequences in an acute phase of each of these patients (Table 1) . Interestingly, the IgA-or IgGclonotypes that had identical CDR3 sequences to the dominant IgM clonotypes also decreased significantly at the recovery phase (Table 1 ) (Paired t test; IgA, P ¼ 1.5 Â 10 À3 ; IgG,
). To further examine whether KD patients may have common clonotypes that might recognize same antigens derived from same pathogens, we analyzed IgM CDR3 sequences of the frequency of 0.01% or higher among all IVIG-sensitive KD patients and identified 32 clonotypes that are present commonly in three or more cases (Table 2; Supplementary Material,  Table S1 ); 23 unique IgM CDR3 sequences were not in any agematched ten febrile non-KD individuals (Table 2) . Multiple sequence alignment for these common IgM clonotypes in KD patients was analyzed (Supplementary Material, Table S2 ).
Clonotypes analysis in the IVIG-sensitive and IVIG-resistant cases
To examine whether there were any differences in BCR repertoires between the IVIG-sensitive and IVIG-resistant KD patients, we compared the sum of frequencies of dominant IgM CDR3 clonotypes (0.1% or higher) in these two groups at an acute stage (before IVIG treatment). The sum was significantly higher in the IVIG-resistant group (n ¼ 10, we added four cases as a verification set) than that in the IVIG-sensitive group (n ¼ 30) (Fig. 2A ). To investigate a possibility of the sum of dominant CDR3 frequencies at an acute phase as a biomarker for predicting the response to the IVIG treatment, receiver-operating characteristic (ROC) curve analyses were performed. The sum of frequencies of dominant IgM CDR3 clonotypes at an acute phase showed a very high area under the curve (AUC) value of 0.91 ( Fig. 2B ) when IVIG-resistant KD patients (n ¼ 10) were considered the case group and IVIG-sensitive KD patients (n ¼ 30) were considered the control group. We also compared the sum of frequencies of dominant IgM CDR3 clonotypes (0.01% or higher) in these two groups at an acute stage (before IVIG treatment), the AUC value was 0.89 (Supplementary Material, Fig. S3 ).
To further examine whether the IVIG-resistant KD patients have common BCR clonotypes that may recognize the same pathogen antigen(s), we performed overlap analysis for clonotypes with the frequency of 0.01% or higher and found 23 clonotypes to be present commonly in 2 or 3 of the 10 IVIG-resistant cases. Among these 23 clonotypes, 7 clonotypes were also found in some patients from the IVIG-sensitive group, while these sequences were not present from the non-KD control group (n ¼ 10) (Supplementary Material, Table S3 ). It is notable that 10 clonotypes found commonly in IVIG-resistant patients were not found in any of the 30 IVIG-sensitive KD cases or 10 non-KD febrile controls (Supplementary Material, Table S3 ).
Discussion
It has been a big challenge to identify the cause(s) of fevers with unknown origins such as KD (9) . Despite long-term clinical and basic investigations, it is still difficult to conclude whether KD is caused by infections or by unknown factors that can cause dysfunctions in our immune system. Although transcriptomic and proteomic profiling methods were applied to uncover the molecular characteristics of KD (16) (17) (18) (19) , the knowledge obtained through these approaches was quite limited for understanding the etiology of KD. In addition, because of a very broad spectrum of possible pathogens that might be related to the etiology of KD, a comprehensive screening for pathogens in KD could also be practically very difficult. Hence, we attempted to apply an alternative approach, the detailed immune repertoire analysis through deep sequencing of immunoglobulin transcripts, which may lead to the identification of the interaction between pathogens and their hosts in the process of disease development and progression (20) (21) (22) .
In this study, we performed a comprehensive sequencing analysis of the transcripts of three immunoglobulin isotypes, IgM, IgG and IgA, using peripheral blood samples before and after the IVIG treatment of 40 KD patients, of which 30 were IVIGsensitive cases (full recovery after a single IVIG treatment), and 10 were IVIG-resistant cases (full recovery after multiple IVIG treatments). We found that the immune repertoire in KD patients represented infection-like patterns, such as the very low diversity index of the IgM clonotypes in the acute phase, and the presence of certain dominant IgM clonotypes, most of which completely disappeared from the peripheral blood after the IVIG treatment(s). Moreover, we found some evidence indicating that the dominant sequences may undergo CSR, to produce pathogen-reacting antibodies through the affinity 30 KD patients (including 6 discovery cases and 24 replication cases), who achieved the full recovery after one dose of IVIG, before and after the treatment (2 months after the IVIG treatment). Paired t test; ***P < 0.001. maturation process. Through the overlapping-clone analysis, we found certain clonotypes that were specific to patients with KD, or those that might be associated with responses to the IVIG treatment; however, a further validation using a larger set of KD patients (including IVIG-sensitive and IVIG-resistant cases) and febrile controls is warranted in the future. These results might provide critical clues or information that may be helpful to elucidate host-pathogen(s) interactions. Particularly, it is noteworthy that the sums of the frequencies of the dominantly detected IgM clonotypes were highly correlated with the response to the IVIG treatment, implying that the frequencies of dominant IgM clonotypes might be a good predictor for identifying IVIG-resistant patients. The exposure to the pathogens in infants or young children may be critically important for developing KD. This hypothesis has been supported by the onset age of KD; KD only occurs in younger children who have not been exposed to pathogens as frequently as adults have been (7, 23) . In this study, we found the evidence supporting that infections in very young children might have some influence on the IgM repertoire, which might have significant roles for development of KD. Moreover, we found that the dominantly expanded CDR3 sequences in IgM clonotypes in an acute phase were common with those in the IgG and IgA isotypes. The data support the hypothesis that the dominant clonotypes were potentially important for recognizing pathogens and antigen stimulation could cause IgM antibodies to undergo affinity maturation, such as CSR, to convert to other isotypes such as IgG or IgA with the same CDR3 sequences (24) .
Pathogen load may also contribute to the response of the IVIG treatment. The reason why $10-20% of KD patients are required to receive multiple IVIG treatments for the full recovery is not well understood (25) . In addition, in the clinical point of view, it is extremely important to identify or predict high-risk patients who may need multiple IVIG treatments. In this study, we found differences in IgM clonal expansion patterns between the IVIG-sensitive and IVIG-resistant groups. Since the expansion of certain clonotypes (with a frequency of 0.1% or higher) may be correlated with the pathogen load, our result implies that IVIG-resistant patients may have a higher pathogen load and stronger clonal expansion of B cells. In addition, the sum of the frequencies of dominant IgM clonotypes could potentially be a useful biomarker to identify IVIG-resistant patients. We also need to consider the possibility that some germline genetic variations may be associated with the extent of the clonal expansion of B cells. The antibody repertoire is likely to reflect, in part, the history of pathogenic exposures (26) . In cases for which the causative pathogens have not been identified, such as an FUO, it is clinically very important to monitor the dynamic changes of immune signatures through BCR/TCR analysis to better understand how our immune system responds to various infections and how autoimmune-like symptoms occur. Here, we quantified the changes in the BCR repertoire in patients with KD. We observed that most of the dominantly expanded IgM clonotypes quickly disappeared after the IVIG treatment across all KD patients although some patients needed multiple infusions. This suggests that KD represents an infection-like pattern in the BCR repertoire. In addition, some common clonotypes found in this study may provide valuable information that might lead to the identification of the causative agents of KD, including pathogens.
Finally, we found a unique feature of the IVIG-resistant group, which could be a potential biomarker for predicting the patients' response to IVIG. Collectively, a comprehensive analysis of the immunoglobulin profile would serve as a novel approach to identify potential KD-causing pathogens, and could be applicable to a wide variety of fevers of unknown origin.
Materials and Methods
Patient groups
We enrolled 40 KD patients included 30 IVIG-sensitive patients (discovery group, n ¼ 6; replication group, n ¼ 24) and 10 IVIGresistant patients (discovery group, n ¼ 6; replication group, n ¼ 4) (Supplementary Material, Fig. S1 ). KD was diagnosed with the 2004 and 2017 American Heart Association statement (25, 27) . Briefly, diagnosis of KD was based on the definition included fever (body temperature exceeding 38 C), accompanied by the presence of at least four of the following five findings: changes in the lips and oral cavity, bilateral conjunctival injection, non-purulent cervical lymphadenopathy, polymorphous exanthema, and changes in the extremities. Intravenous immunoglobulin resistance was defined as persistent or recrudescent fever (body temperature exceeding 38 C) at least 48 h but not longer than 7 days after completion of the first IVIG infusion. We also enrolled 10 febrile pediatric patients with a fever and clinical features suggestive of KD (Supplementary Material, Table S4 ). Two echocardiographic examinations were performed during the acute stage of KD and two months after the onset of symptoms. All patients were recruited at the China Medical University Hospital Medical Center, Taichung, Taiwan. 
Library preparation and immunoglobulin sequences analysis
About 2 ml of whole blood were collected in PAXgene Blood RNA collection tubes (Qiagen). Total RNA was extracted and purified per the manufacturer's instructions (PAXgene Blood RNA Kit, Qiagen). Sequencing libraries of BCR were prepared using protocol described previously (28) . Up to 300 ng of total RNA were used for cDNA synthesis, and a common adapter was added to the 5' end of cDNA. PCR was designed to separately amplify different isotypes including IgM, IgG and IgA, using a forward primer designed on the common adapter and reverse primers corresponding to the C regions of each BCR isotype (Supplementary Material, Table S5 ). The first PCR protocol was as follows: 94 C for 3 min, followed by 20 cycles of 94 C for 30 s, 65 C for 30 s, and 72 C for 1 min. Illumina sequence adapters with barcode sequences from Nextera XT Index kit (Illumina) was then introduced to each sample to generate multiplexed sequencing libraries. This pooled library was sequenced by 300-bp paired-end reads on the Illumina MiSeq platform (Illumina), using MiSeq Reagent v3 600-cycels kit (Illumina). Immunoglobulin sequencing data were analyzed by Bcrip software (28) . Briefly, sequence reads were mapped to the V, J and C reference sequences of each BCR isotype obtained from IMGT/GENE-DB (29,30) (www.imgt.org) with the Bowtie2 aligner (Version 2.1.0) (31) . A CDR3 was defined by identifying the second conserved cysteine encoded in the 3' portion of the V segment and the conserved phenylalanine or tryptophan encoded in the 5' portion of the J segment.
Statistical analysis
The immunoglobulin diversity was calculated using the inverse Simpson's diversity index formula. The inverse Simpson's Table 1 . All statistical tests were conducted using Prism software, version 6.0 (GraphPad). In all statistical tests, P value of <0.05 was considered to be statistically significant. The ROC curve plots sensitivity and 1À specificity and provides a summary of sensitivity and specificity across a range of cutoff points for a continuous predictor. The optimal cutoff value of the sum of maximum sensitivity and specificity was determined as the sum of its maximum sensitivity and specificity.
Supplementary Material
Supplementary Material is available at HMG online.
A B Figure 2 . Difference in the sum of frequencies of dominant IgM CDR3 clonotypes between IVIG-sensitive and IVIG-resistant patients before the treatment.
(A) Comparison of sums of frequencies of dominant IgM CDR3 clonotypes (defined as those with a clonotype frequency of 0.1% or higher) were calculated in the IVIG-sensitive patients (n ¼ 30) and IVIG-resistant KD patients (n ¼ 10). Unpaired t test; ***P < 0.001. (B) ROC curves are applied to assess the performance of the sum of dominant IgM CDR3 frequencies as a classifier to predict the response to IVIG. The AUC is 0.91.
